Aerosol distributions in East Asia are complicated owing to both natural factors and human activities. In recent years, influence of yellow sand and biomass burning aerosols generated by agricultural biomass burning (ABB) has been noted upon the severe air pollution episodes. This work intends to make the retrieval algorithm more efficient and to make the aerosol model more tractable as far as heavy air pollution caused by ABB is concerned. Aerosol retrieval in the hazy atmosphere is achieved based on radiation simulation method of successive order of scattering (MSOS) for the moderate resolution imaging spectroradiometer (MODIS) on AQUA data. The retrieved aerosol properties agree well with the ground measurements and numerical model simulations. Multi-angle observations with the polarization and directionality of the Earth's reflectances (POLDER) on the polarization & anisotropy of reflectances for atmospheric sciences coupled with observations from a lidar (PARASOL) are available for aerosol retrieval from a mixture of cloud and haze, and many potential applications of MSOS involving polarization information are expected to be available for cloud as well as aerosol episodes.
Introduction
It is well known that satellites play an important role in Earth observations on a global scale, and that they perform a systematic monitoring of the Earth with various spatial, spectral, and temporal resolutions. In addition, observations from space are particularly useful for heavy aerosol episodes; when extreme concentrations of aerosols in the atmosphere prevent aerosol monitoring with surface-level photometry, satellites can be used to observe the Earth's atmosphere from space. Large-scale air pollution is likely to continue because air pollution becomes severe due to both the increasing emissions of anthropogenic aerosols and the complicated behavior of natural aerosols. Aerosol distribution in East Asia is complicated and the concentration of aerosols is large with the famous yellow sand dust and small anthropogenic particles generated by emissions from human activities (Kahn et al., 2004) . For instance, in recent years biomass-burning aerosols (BBA) generated by agricultural biomass burning (ABB) have influenced the severe haze episodes (Lee and Kim, 2010; Mukai et al., 2014) . In this manner, increased emissions of anthropogenic particles cause concentrations of serious air pollution. In particular, large cities in eastern and south-western China have experienced heavy haze episodes over the past 30 years (Nakata et al., 2015) . However, the aerosol properties of these events are still insufficiently understood.
This study is aimed at developing efficient algorithms for remote sensing of aerosol, especially for severe aerosol episodes. Our research group has been retrieving aerosol characteristics based on satellite data (Mukai et al., 1992) , ground measurements (Sano et al., 2003; Mukai et al., 2005) , and numerical model simulations (Mukai et al., 2008) . We take advantage of the comprehension of Asian aerosols, because our ground observation site is located at the megacity of Osaka in Japan. All the instruments are collocated in a 10-m area.
It is natural to consider that incident solar light interacts multiply with the atmospheric aerosols due to the optically thick radiation field in such a heavy haze episode. Accordingly efficient and practical algorithms for radiation simulation are required to retrieve aerosol characteristics especially in heavy aerosol episodes. Here the radiation field is described with the fourdimensional Stokes vectors. The method of successive order of scattering (MSOS), which is available for the simulated radiation reflected from the optically semi-infinite atmosphere, has been already examined in our previous studies with the scalar form (Mukai et al., 2012b (Mukai et al., , 2014 . Now we intend to make our MSOSscalar code more efficient and practical, and further develop the MSOS-vector form. The biomass burning episode observed by Aqua/MODIS and PARASOL/POLDER in east-central China can be well simulated using a semi-infinite model. The aerosol model is made more tractable as far as BBA due to ABB is concerned. The retrieved results are evaluated with the ground measurements NASA Aerosol Robotic Network (AERONET) and an earth system model, named "MIROC-ESM" (Watanabe et al., 2011) .
Agriculture Biomass Burning
The 5th IPCC report on global warming points out a warming effect of black carbon aerosols against the cooling effect of other kinds of aerosols (IPCC, 2013) . Black carbon aerosols over the south-western part of the Atlantic Ocean are mostly due to the biomass burning in South America (Freitas et al., 2005; Evangelista et al., 2007) . ABB is known to emit lots of aerosols, especially BBA and gaseous particles (Xue et al., 2012) . ABB is a global phenomenon and provides global effect on the environment, climate, health, radiation forcing and so on. In this study, ABB in the east-central China is taken into account. There the ABB of straw and crop residues is done every year from May to October and it peaks in June (Li et al., 2010) . Figure 1A presents the distribution of hotspots (denoted by the red dots) accumulated during June in 2012 over the area within 15-50 • N latitude and 95-145 • E longitude provided by the Rapid Response System (MCD14 Collection 5.1) of MODIS (King et al., 1992) . Figure 1A shows that the hot spots exist all over South-East Asia and especially concentrate around Shandong in this season. Our present study is focused on this area, the east-central China Figure 1B that the values of aerosol optical thickness increase as the distance from the center of ABB-area increases. This fact suggests that soot particles are mixed with other species as anthropogenic pollutants around urban cities during transportation on the wind (Li et al., 2010) , particularly in large cities in eastern and southwestern China that have experienced heavy haze episodes (dense concentrations of atmospheric aerosols). However, the aerosol properties of these events are still insufficiently understood. Here we deal with the aerosol retrieval in haze episodes influenced by BBA around urban areas in China, as shown in (Mukai et al., 2012b) , both target points A and B lie beyond this criteria and are treated as aerosol episodes. Such criteria that AOT (0.46 µm) ∼5.0 correspond to a semi-infinite atmosphere with respect to the reflected intensity from the top of atmosphere are validated by the radiation simulation in Appendix on Supplementary Materials. At a glance, this episode is partly caused by the biomass burnings represented by the hot spots, suggesting transportation of dense air parcels from the southeast (where ABB usually occurs during this season) to the northwest.
1). It is clear from

Radiative Transfer Method: MSOS
The successive scattering technique for the optically semi-infinite atmosphere model (van de Hulst, 1963; Sobolev, 1968; Irvine, 1969, 1970; Kokhanovsky, 2002 ) is available for radiation simulation for aerosol episodes. Here we describe the radiation simulation algorithms in a semi-infinite polarized radiation field. Consider a radiation of flux F in the direction (µ 0 , φ 0 ) incident on the top of a semi-infinite atmosphere. Let the diffusely reflected radiation intensity vector be I( ); decomposing I( ) into the successively scattered intensity I(n : ),
The variable ( ) represents the direction of radiation given by
where µ is the cosine of the zenith angle θ (µ = cos θ) and φ is the azimuth angle. The diffusely reflected intensity I( ) denotes the emergent intensity from top of atmosphere (TOA) and it is derived by using reflection matrixR,
where the integration covers the inward hemisphere and the reflection matrix is expressed by the Stokes parameters (I, Q, U, V). Also we can define the n th order reflectionR in Equation (2) as:R
where n is the number of scattering. The matrixR(n : , 0 ) is the n th order reflection describing the radiation emerging at TOA after scattering n times within the atmosphere, i.e., reflectionR( , 0 ) can be calculated as the Neumann series of the nth order of reflectanceR(n : , 0 ). The equation for the n th order of reflection will be derived here as follows. Now, let:
where E is the unity vector (1,1,1,1). We have an equation for R(1 : , 0 ) as
Similarly, we have the second-order one as,
Generally, the equation for the n th orderR(n)(n ≥ 3) can be derived in a similar manner as shown above.
Thus the polarized radiation field reflected from the optically semi-infinite atmosphere is calculated based on Equation (3) utilizing Equations (5-7). The space-borne sensors measure the increasing radiance at TOA, namely the reflectance (R) from the Earth's atmosphere. We name this technique "method of successive order of scattering" (MSOS) as a successive scattering method for semi-infinite atmosphere, which treat with a large number of scattering (n >> 1) and an asymptotic form is proposed for n > n * >> 1 (Mukai et al., 2012a) . The standard successive scattering is fundamentally related to the probabilistic approach to the theory of radiative transfer. It takes long description to show a complete derivation process of MSOS. A work (Mukai et al., 2012a ) is helpful for interested readers.
Aerosol Model
The single-scattering matrixP( , 0 ) in the previous section directly depends on the aerosol properties. The first and/or final step of aerosol retrieval is the setting up of and/or deriving the aerosol model. According to the automatic classification of accumulated NASA/AERONET data, atmospheric aerosols have been classified into six categories Omar et al., 2005) as follows:
1. "desert dust" (DD) is assumed to be mostly mineral soil, 2. "biomass burning" (BB) is an aged smoke aerosol consisting primarily of soot and organic carbon, 3. "rural" (RU) is referred to be clean continental aerosol, 4. "continental pollution" (CP) represents an anthropogenic aerosol consisting of various species as sulfates (SO 2− 4 ), nitrates (NO − 3 ), OC, ammonium (NH + 4 ) and soot, 5. "polluted marine" (PM) consists primarily of sea-salt with traces of polluted continental species, and 6. "dirty pollution" (DP) consists of the same but significantly larger amount of species as CP. Table 1 presents the complex refractive indices and size distribution parameters for six aerosol types compiled by AERONET measurements are shown in the left side, and right side, respectively. The classification with respect to Asian aerosols is proposed using the measurements at Asian AERONET sites alone as (Ct−1, −2, −3, −4, −5, −6) (Lee and Kim, 2010) . In this Asian classification, Ct-1, −2, −3, and −4 can be considered as variations of the global-CP type, and the other two categories Ct-5 and -6 are referred to as dusty aerosols of the global-DD type. Then in this study, global CP and DD types are assumed to be basic Asian aerosols, and the BB type is considered for fire breaking as ABB or forest fire. The size distributions of these six aerosol types based on AERONET measurements have two modes for small (f: fine) and large (c: coarse) particles, and a bimodal log-normal distribution is assumed as:
Here, the left-hand side term represents the volume particle size distribution. The parameters V f , r f , and σ f are respectively the volume concentration, mode radius, and standard deviation of fine mode particles. The corresponding parameters for coarse mode particles are V c , r c , and σ c . It is self-evident that the six parameters are necessary for the definition of aerosol size, and also that six parameters are excessive for retrieving the optimized size of aerosols. Therefore, proper simplification is required for the aerosol size distribution function. We propose an approximated form of the same bimodal log-normal distribution function in Equation (8) but for the constant averaged value for mode radius and a maximum value for standard deviation with respect to fine and coarse modes, respectively. Namely, r f = 0.143, σ f = 1.861, r c = 3.421, and σ c = 2.339 (refer to Table 1 ). By adopting these constant values with respect to the size distribution function given by Equation (8), two parameters (V f , V c ) should be required alone. As a result, the fine particle 
For reference refractive indices according to Maxwell Garnett internal mixing rule represented in Equation (9), where g represents the volume fraction of the inclusion (BB-type) into the matrix (CP-type) are also presented.
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becomes a unique parameter of size distribution function (Mukai et al., 2012b) . It is reasonable to consider that the mixing of the basic aerosol types exists in nature. We adopt an internal homogeneous mixing of the Maxwell Garnett mixing (MGM) type. The MGM provides a complex refractive index calculated from the following equation (Chýlek and Srivastava, 1977; Bohren and Wickramasinghe, 1983) :
where ε denotes dielectric permittivity, subscripts m and j respectively represent matrix and inclusion, and g is the volume fraction of the inclusion limited ≤0.4. We know inhomogeneous mixing should be considered in the further work. Using these AERONET products on clustering work, MGM suggests that two kinds of aerosol properties, refractive index and size, are respectively induced from the mixing of aerosol types with g and an approximate bimodal log-normal distribution defined by the fine particle fraction (f ). In brief, aerosol retrieval parameters are reduced to two: g for component and f for size.
Results and Validation Application to Satellite Data
First, we examined aerosol retrieval for the Aqua/MODIS data for 19th and 21st June in 2012 based on the previously mentioned method. Figure 4 represents the MODIS data at retrieval target points-A and B in Figure 2 and the simulated values of the reflected intensity calculated with MSOS in a two-channel diagram with wavelengths of 0.46 and 0.55 µm. The dots represent MODIS data within 10 × 10 km 2 area around point-A (40.1 • N, 116.5 • E) and B (37.6 • N, 120.5 • E). In the simulation, the atmosphere consisted of CP and BB-type (denoted by filled circles) aerosols and MGM types of CP and BB. The MGM type has a complex refractive index calculated from Maxwell Garnett internal mixing rule represented in Equation (9), where g represents the volume fraction of the inclusion (BB) into the matrix (CP) (Fuller et al., 1999) . Table 1 presents complex refractive indices calculated using Equation (9). The parameter f represents the fine particle fraction of the approximate bimodal log-normal size distribution function. In other words, f and g are the parameters for the MSOS simulations for MGM aerosol type. For reference, properties of six aerosol types compiled by AERONET measurements are shown in Table 1 .
The upper and lower figures in Figure 4 show the results for 19th and 21st June 2012, respectively. Both the observed and calculated reflectance values show the decreasing trend with wavelength in the present wavelength region in Figure 4 . This figure shows that the reflectance values from the CP-type are significantly higher and those from BB-type are significantly lower compared to the MODIS data, and the MGM-type aerosol is consistent with the MODIS data due to the fact that the value of albedo for single scattering (ω) increases with f. We can rank the retrieved aerosols according to their fit to the MODIS data from June 2012 in the east-central China, from most fitting to least fitting:
1. MGM type 2. CP type 3. BB type Such two parameters of aerosol properties as size distribution and refractive index, i.e., (f, g), are determined in the two wavelength plane. Furthermore, Figure 4 shows that the optimized detail parameters of MGM type depend on time and place as follows: (f, g) = (0.49, 0.11) at point-A and (0.49, 0.14) at point-B on 19th June, and (0.47, 0.13) at point A and (0.50, 0.21) at point B on 21st June. These parameters were derived from twodimensional interpolation in the (f, g) coordinates, which step size is 0.1 and 0.05, respectively, in order to fit the representative value of MODIS data within 10 × 10 km at each case. The MGM-type aerosol, which is the most suitable candidate for interpreting MODIS data, is the internal mixing of BB inclusions into the CP-type aerosol. Volume fraction (g) of BB in MGM rule decreased from Shandong (point-B) to Beijing (point-A) on both days. This suggests that some of the BBA were transported from areas of ABB in east-central China toward Beijing. Fine particle fraction (f ) of MGM model also decreased a little from Shandong (point-B) to Beijing (point-A) on both days. This implies that the particle size increased with the progression of BBA mixing with anthropogenic particles. These phenomena suggest that the improved MSOS including the proposed aerosol model efficiently simulated dense aerosol episodes. Accordingly, our results suggest that space measurements with more detailed spatial and temporal scales are required for precise analysis of aerosols.
Validation of Retrieved Aerosols
Worldwide NASA/AERONET data are mostly available as ground-based sun-photometric products (Holben et al., 1998) . They provide aerosol optical thickness (AOT) at wavelength λ. AOT resolution is higher than 0.01 in the visible wavelength region, and the obtained data are cloud screened before aerosol retrieval (Smirnov et al., 2000) . Several other aerosol parameters, such as the Ångström exponent α defined by Equation (12), size distribution, and refractive index are derived from the basic data of spectral AOT(λ).
Values of α are closely related to the aerosol size distribution; small values of α indicate large particles and large values indicate small particles. In general, values of α from near 0 to 1.0 indicate large particles such as sea salt aerosols and soil dusts, whereas values of 1.0 < α < 2.5 indicate particles such as sulfate and those associated with biomass burning (O'Neill et al., 2001 (O'Neill et al., , 2003 . The derivatives of the Ångström exponent (α ′ ) are defined as follows (Eck et al., 1999) :
The value of α ′ indicates spectral variation in particle properties; negative and positive values correspond to dry and absorbing particles, respectively. Now, we inferred the measurements at AERONET Beijing site in June 2012 in Figure 5 . The top figure shows AOT at a wavelength of 0.44 µm at Beijing site (denoted by 2), Seoul (·), and Noto (×). AERONET Version 2/Level 2 data are usually used by the public, but the Level 1.5 data are merged in order to recover the missing data for Level 2 on 18th June. Usually, aerosol episodes are simply defined as periods of high AOT values, which rapidly increased to 1.0 on 17th, 2.0 on 18th, and from 3.0 to 5.0 on 19th to 21st at Beijing. This is clearly presented by MODIS data as series of images (ref https://neptune.im.kindai.ac.jp/ MODIS/IMAGE_MYD/2012/). From the MODIS imageries, the high AOT episode appears to be not only because of BB plume but also because of the blocking of air mass movement, which was due to easterly wind around Beijing area from a typhoon passing over Japan during 18th to 20th. An image from 20th June shows that high AOT and low AOT regions were clearly separated over the Yellow Sea. After the typhoon passed, the high AOT region covered Seoul on 22nd and 23rd. MODIS images from 23rd and 24th show that high aerosol density region rapidly disappeared across the Sea of Japan. Therefore, no high values of AOT were observed at Noto site during this period.
The middle panel represents the values of α, and the bottom shows α', where λ 1 , λ 2 , and λ 3 were 0.87, 0.675, and 0.44 µm, respectively, at Beijing site; α was approximately 1.3. The hazy particles appeared to be dominated by fine mode particles. Values of α' increased with AOT values, being low on 17th and high from 19th to 22nd June. This feature of α' suggests the presence of carbonaceous aerosols during the aerosol episode starting on 19th June. These ground measurements suggest that this aerosol episode with small pollutants occurred around Beijing, and that carbonaceous aerosols played some role in this episode. Certainly, these carbonaceous aerosols originated from local sources such as industry and automobiles.
Next, retrieved results from satellite were examined through numerical simulations. We used an earth system model known as "MIROC-ESM" (Watanabe et al., 2011) . It is based on a global climate model MIROC (Model for interdisciplinary research on climate) developed by the University of Tokyo, NIES (National Institute for Environmental Studies), and JAMSTEC (Japan Agency for Marine-Earth Science and Technology) (K-1 model developers, 2004 ). An aerosol module in MIROC, SPRINTARS, predicts the main troposphere aerosols including carbonaceous, sulfate, dust and sea salt (Takemura et al., 2002 (Takemura et al., , 2005 . Emission flux of carbonaceous aerosols by BB is estimated from hot spots derived by MODIS, shown in Figure 1A . Figure 6A presents the distribution of simulated sulfate AOT components at a wavelength of 0.55 µm, and Figure 6B provides the same as Figure 6A 
Discussions and Summary
POLDER (polarization and directionality of the Earth's reflectance) onboard the CNES/PARASOL satellite collects both reflectance and polarization information at 16 different viewing angles (Deschamps et al., 1994) . Kokhanovsky et al. (2015) have reported that multi directional reflectance and polarization information are important in estimating aerosol properties on a global scale. Here, the data simultaneously obtained by PARASOL/POLDER are examined. As mentioned earlier, the spatial resolutions of POLDER and MODIS are different, and therefore, point-B was not observed with POLDER on 19th June 2012 (Figure 2) . Figure 7 presents the reflectance at wavelengths of 0.49 and 0.56 µm and degree of polarization at 0.49 and 0.67 µm against scattering angle corresponding to 14 directions on 21st June. With respect to point-B, the magnitude of reflectance at both 0.49 and 0.56 µm was approximately 0.3 for all measurements. The magnitude also decreased with wavelength from 0.49 to 0.56 µm owing to extinction decreasing by fine mode particles. Strictly speaking real observational angles should be denoted by (θ, θ 0 , φ, φ 0 ), and then radiation simulated results are also compared with the values functioned with these four variables. However the reflected radiance weakly depends on direction at the present condition (i.e., points-A and -B in this time and place). Thus, flat reflectance trend with scattering angle and the magnitude of the reflectance is a good indicator of very thick aerosol haze such as BB plume. Note that the magnitude of reflectance certainly coincided with MODIS and the values were half that of cloudy regions. Conversely, the degree of polarization was reasonably low for an optically thick atmosphere and its variation in relation to direction was weak.
Reflectance and polarization degree at point-A behaved clearly different from those at point-B. This may be due to the coarse pixel size (6 × 7 km at nadir) of POLDER sensor and registration errors around cloud edge region. Therefore, two clusters were available within a 6 × 7 km area of point-A; one group presents high intensity and polarization degree, and the other group presents low intensity and polarization degree. Further, the trend against scattering angle was also different between the two clusters. The latter is similar to haze behavior at point-B, but the former appears to reflect cloud properties (refer to Figure 2) . It is clear from Figure 2 that the scattered clouds exist together with aerosols at point-A. The conclusions on this problem will be provided in a following work because this interesting subject has been engaging and further studies are required to analyse the degree of polarization. This combination analysis of POLDER and MODIS is expected to be useful for retrieval of cloud and haze mixture.
We have shown that dense aerosol episodes of anthropogenic particles involving BB soot can be well simulated by a semiinfinite radiation model comprising the proposed aerosol models. We conclude that air pollution around east-central China in June was mainly due to increased emissions of anthropogenic aerosols associated with economic growth, and to the complicated behavior of natural dust. Carbonaceous aerosols from ABB in Southeast China also contributed to the pollution. High-concentration soot was carried to Beijing from the source area. Aerosol retrieval in hazy atmosphere is achieved by radiative transfer simulation based on the MSOS. It is highly likely that large-scale aerosol episodes will continue to occur. Transmission of data in space-based observations can be hampered by an optically thick atmosphere. Air quality becomes worse particularly in urban areas, and therefore, high-resolution measurements of atmospheric aerosols at spatial, temporal, and spectral scales have been planned. Accordingly, many potential applications for the type of radiation simulation by MSOS involving polarization information are required (Kokhanovsky et al., 2015) . In addition, MSOS is expected to be available for aerosol retrieval in a mixture case of cloud and haze. This work suggests that aerosol/cloud should be retrieved considering a variety of perspectives.
